The purpose of this paper is to study the individual and combined effect of upstream planform curvature and difference in bed elevations at the tributary entrance to the confluence on the flow in the confluence hydrodynamics zone. To do this, flow at right-angled confluences with three planforms and four values of bed elevation discordance ratio (Δz T /h d ) is simulated using a threedimensional (3D) numerical model. Three confluence planforms include confluences with the (1) straight tributary canal (SC), (2) right bend (RB) and (3) 
However, not all zones must be present at any particular confluence, since the existence, size and position of these zones is influenced by a number of factors. Until recently, it was considered that the major controls on flow in the CHZ were: (1) the confluence planform (in the sense of symmetry or asymmetry of the converging channels' directions with respect to the post-confluence channel direction); (2) the junction angle; (3) the momentum flux (or discharge) ratio of the confluent streams; and (4) the difference in bed elevations between the converging channels (bed elevation discordance). The role of these controls has been investigated during the last 20 years in laboratory confluences (Mosley With such findings, it is interesting to study the effect of different bend orientations in a confluence that allows for the development of all six CHZ regions and consequently, depending on the findings, to study combined effect of an upstream bend and bed elevation discordance. To the author's knowledge, there are no laboratory investigations that could support this study. Thus, it was decided to use 3D numerical modelling as an alternative, cost-effective approach that would allow examination of a number of possible combinations of planform and riverbed geometries in the course of revealing whether the upstream planform curvature could be added to the existing list of controls. The study will proceed in three stages. In the first stage, which was the subject of the author's conference paper (Ðord ̵ ević a), only the effect of an upstream bend is investigated in the concordant beds' (CB) confluences. In the second stage, different degrees of bed elevation discordance between the main and tributary channels are studied in the straight channel confluences. Finally, in the third stage, the combined effects of the two geometrical features are studied in the discordant beds' (DB) confluences with a bend in the tributary.
A typical example of a confluence that allows for the development of all six CHZ regions is a CB' confluence with a 90 W junction angle and sharp-edged corners as can be found in the laboratory experiments of Shumate & Weber () , where two straight laboratory canals of equal width and horizontal bed are joined together (Figure 1(a) ). This confluence was used as a starting point for the analysis.
In the first stage, three planform geometries with the straight main canal are analysed: geometry with a straight tributary canal (SC), geometry with the right bend (RB) and geometry with the left bend (LB) in the tributary (Figures 2(a) , 2(b) and 2(c)). In the RB case, the outer bank ends in the upstream junction corner, whereas in Based on the conclusions from the first stage, the effect of an upstream bend in the DB' confluences is studied only for the LB confluence, as the influence of the RB, when compared to the SC case, is practically negligible (Ðord ̵ ević a 
NUMERICAL MODEL
In this study, the SSIIM2 model, developed by Olsen (), is used. This is a 3D finite-volume model that solves the Convective terms in the momentum equations can be discretised either with the first-or the second-order upwind scheme (FOU or SOU).
In subcritical flow, known discharges are prescribed at inflow boundaries and constant depth is prescribed at the that is set to zero at the free-surface. Though there are models that use porosity approach to define position of the free-surface, in the SSIIM2 model, the free-surface is approximated with the rigid lid, i.e., the position of the free-surface is not explicitly modelled. However, it can be determined from the calculated pressure field, using the hydrostatic pressure distribution assumption.
MODEL VALIDATION
The SSIIM2 model has been tested and validated against various experimental and field data. A list of applications is long. Thus, only a selection is cited here. Olsen () and Rüther & Olsen () 
NUMERICAL STUDY OF RIGHT-ANGLED CONFLUENCES Numerical modelling details
The three investigated planform geometries are shown in Table 1 .
Both the upstream planform curvature and bed elevation discordance were accounted for in the grid sensitivity analysis. Four cases from Table 1 were Due to very small differences in the results between the three grids, it was not possible to assess numerical uncertainty using the GCI (grid convergence index) method in its full form as defined by Celik et al. () , i.e., the apparent order of accuracy could not have been calculated in many cross-sectional points. Therefore, the GCI method was applied using the formal order of accuracy of the numerical scheme (p ¼ 2). The GCI-values averaged over the crosssection x/B PCC ¼ À2.00 for grids 1 and 2 (GCI 21 ) and for grids 2 and 3 (GCI 32 ) are given in Table 2 for the four considered cases. The cross-sectional distributions for the five variables (u, v, w, k, ε) are presented for illustration only for case 9 (Figure 8 ). The GCI 21 -values (for the finest grid)
are below 5% in the substantial part of the crosssection for all five variables in cases 1, 3 and 6. In case 9, they are below 10 and 15% for (u, w, k, ε) and v, respectively.
Thus, the following block sizes were accepted in CB' con- Both the RZ length and width reduce with distance from the bottom no matter whether the tributary is curved or straight. It can be noticed that the RZ length reduces faster in the LB case than in the SC and RB cases (Figure 10(d) ).
This can be explained by the change in dominance between the two centrifugal forces of the opposite directions. Close to the bottom, where centrifugal force due to planform curvature dominates, the RZ is 15% longer than the one that forms when the tributary canal is straight and 5% shorter than that resulting from right-bend tributary flow. In the upper layers As for the flow deflection in the vertical plane, it is worth noting that for Δz T /h d > 0.10, the φ-angle does not change the sign between the junction corners ( Figure 13(b) ), i.e., it is always negative, meaning that the flow is directed downwards. This is logical, as there is sudden expansion of tributary flow in the vertical direction at the backward facing step. Another interesting observation is that the 3D flow is less pronounced above 0.25h T for Δz T /h d ¼ 0.50 than for the other three cases. This can be attributed to the much stronger flow in the shallower tributary than that that enters the confluence from the deeper tributary canal.
Recirculation zone
It is important to notice that there are no conditions for the development of RZ at elevations below the tributary bed 
Generally, two distinct Δz T -ranges can be distinguished: 
